Introduction
Xylan, the second most abundant polysaccharide in the plant cell wall, can be enzymatically hydrolyzed into fermentable C-5 sugars used for production of biofuels and biochemicals with great potential [1] [2] [3] . Endo-β-1,4-Dxylanase (E.C. 3.2.1.8) is a key enzyme that randomly attacks the glycosidic linkages of the xylan backbone, thereby depolymerizing its backbone to short xylooligosaccharides (XOS) [4] . Based on sequence similarities of the catalytic domain, xylanases are mainly confined to glycoside hydrolase (GH) families 10 and 11, but some of them are also classified into families 5, 8, 30 , and 43 (http://www. cazy.org). GH10 xylanases have a classic (α/β) 8 -barrelfolded catalytic domain [5] . Members of xylanases even in the same family differ in their stability, activity, and substrate specificities, which may be attributed to the variation in substrate-binding cleft and some key individual amino acids in the core region [6] [7] [8] . Compared with the sequences of the interior/core region, terminal sequences are less conserved and even in a disordered form [9, 10] . Consequently, less attention has been paid to the role of the N-or/and C-terminal sequences in protein structure and function. However, recent studies have proposed that the terminal sequences have significant effect on protein secretion, folding, and function, particularly for proteins with a single domain [11] [12] [13] [14] [15] [16] [17] [18] .
Coprinopsis cinerea (also known as Coprinus cinereus) is a model mushroom-forming basidiomycete. This fungus plays important roles in the decomposition of dung, forest litter or grassy debris in nature owing to its strong lignocellulose degradation ability. The genome of C. cinereus Okayama 7 (#130) displays an impressive array of genes encoding cellulolytic and hemicellulolytic enzymes [19] . Some of the enzymes, including cellulase, 1,3-beta-glucan hydrolases, acetyl xylan esterase, alpha-L-arabinofuranosidase, and cellobiose dehydrogenase, were characterized recently [20] [21] [22] [23] [24] . In this study, we focused on a neutral GH10 xylanase (CcXyn) bearing a unique 5 basic amino acid-rich (PVRRK) sequence at the C-terminal extension. The wildtype and C-terminal truncated proteins were heterologously expressed in Pichia pastoris and their characteristics were comparatively analyzed with aims to examine the effect of this extension on the enzyme function. The C-terminal extension truncation resulted in improved thermostability, activity, and SDS resistance, which makes this enzyme an attractive candidate for potential application in harsh conditions and for structure and function studies of TIMbarrel-folded enzymes.
Materials and Methods
Strains, Vectors, Culture Media, and Chemicals Escherichia coli DH5α (Invitrogen, USA) was used as the host for propagation of the plasmid. The plasmid pPICZαB (Invitrogen) was used as the expression vector. Pichia pastoris strain KM71H (Invitrogen) was used as the host for protein expression. All of the substrates (xylans from beechwood, birchwood, and oat spelt, pnitrophenyl-α-L-arabinofuranoside, p-nitrophenyl-β-D-glucopyranoside, p-nitrophenyl-β-D-xyloside, and avicel), and the xylose (X1) and XOS (xylobiose, X2; xylotriose, X3; xylotetraose, X4; xylopentaose, X5; and xylohexaose, X6) were provided by Sigma Company (USA). Other chemicals and reagents used in the study were of analytical grade and commercially available. All culture media were prepared according to the EasySelect Pichia Expression system manual (Invitrogen).
Construction and Expression of the Wild-Type and Truncated Mutant Strains
The gene encoding a GH10 glycoside hydrolase (GenBank Accession No. XP_001838887.1) was identified from the Coprinopsis cinerea Okayama 7 #130 genome by a GenBank BLAST search using XynII (GenBank No. KC492049) from Volvariella volvacea as the query sequence. Its deduced peptide contains 341 amino acids with a putative N-terminal 20-amino-acid signal sequence. The gene encoding the mature peptide (CcXyn; GenBank No. KX224530) was artificially synthesized by Genewiz, Inc. (China) using optimized codons with the codon usage bias of P. pastoris. This fragment was inserted into the Pichia expression vector pPICZαB at the EcoRI/XbaI sites. The C-terminal deletion derivative CcXyn-Δ5C was generated by PCR amplification using the primer pairs CcXyn EcoRI (5'-TGCCGGAATTCCGCAGTT GGCCTTGTTGTCCAA-3') and CcXyn-Δ5C XbaI (5'-GCTCTA GATCAATGATGATGATGATGATGCTTGATCAATCCCTCGACGA -3'). After being digested with EcoRI and XbaI, the fragment was ligated into the pPICZαB Pichia expression vector. The recombinant plasmids pPICZαB-CcXyn and pPICZαB-CcXyn-Δ5C were transformed into strain KM71H, and the recombinant proteins were overexpressed and purified by Ni-NTA agarose gel (Qiagen, USA) following the procedure described in the manufacturer's manual. The relative molecular mass and homogeneity of the purified CcXyn and CcXyn-Δ5C were determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 10% (w/v)). Enzymatic deglycosylation of the purified enzymes was achieved using endoglycosidase H (endo H) (endo-N-acetylglucosaminidase H of Streptomyces plicatus; NEB, USA) in a mixture (40 μl) containing target proteins (20 μl, 1 mg/ml), 10× G5 reaction buffer (4 μl), and endo H (1 μl) at 37ºC for 30 h according to the manufacturer's protocol.
Assay of Enzyme Properties
The optimal pH and temperature for activity were estimated with beechwood xylan as the substrate in universal buffer at pH 3.0-12.0 and 30-80ºC, respectively. The universal buffer comprised 50 mM H and the pH was adjusted with 0.2 M NaOH at 25ºC. For pH and thermal stabilities, the enzymes were pre-incubated in universal buffers of different pHs at room temperature for 1 h, or at 45ºC and 55ºC (pH 7.5) for various periods (0-90 min) without substrate, and the retaining activities were assayed under the standard condition. The effects of metal ions and EDTA on enzyme activity were determined by mixing the enzyme with 1 or 5 mM of metal ions, or 0.1-1.0 mM of EDTA under the standard condition. To test the effect of SDS on the enzymatic activity, different final concentrations from 0 to 300 mM of SDS were added into the standard buffer. The substrate specificities of purified enzymes were assayed at standard assay condition using one of the following substrates (1% (w/v)): birchwood xylan, insoluble and soluble oat spelt xylan, carboxymethylcellulose (CMC), locust bean gum, and chitin. One unit (U) of xylanase activity was defined as the amount of enzyme that released 1 μmol of reducing sugar equivalent to xylose per minute under standard condition. Specificities towards p-nitrophenyl-glycosides (pNP-glycosides) were detected by measuring the released p-nitrophenol in a reaction mixture containing 20 mM of different pNP-glycosides. For determining the kinetic constants (V 
Analysis of Xylose and Xylooligosaccharides
CcXyn and CcXy-nΔ5C (0.028 U each) were incubated with various XOS (each 50 μg) at 50ºC in 0.1 M phosphate/citrate buffer (1.5 ml, pH 7.5) for 24 h. After incubation, the reactions were stopped by boiling, and the end products of hydrolysis were then analyzed at 30ºC using a Carbo-Pac PA200 column (3 × 250 mm) fitted to an ICS-3000 high-performance anion exchange chromatography system (Dionex, USA) with pulsed amperometric detection (HPAEC-PAD) as described as previously [18] . The hydrolysis products of CcXyn and CcXyn-Δ5C towards beechwood xylan were determined under the standard conditions at 60ºC for up to 24 h, and ampicillin (25 μg/ml) and zeocin (25 μg/ml) were added in the reaction mixture to avoid microbial contamination. Samples were removed at regular intervals, and the reaction was stopped by boiling for 5 min. The xylose and XOS in the supernatants were determined by HPAEC-PAD analysis.
Circular Dichroism Spectra and Structural Modeling
The circular dichorism spectra (CDS) for CcXyn and CcXyn-Δ5C (0.015 mg/ml) were obtained on a Chirascan CD spectrometer (Applied Photophysics, UK) at 25ºC with a bandwidth of 1 nm and a scanning speed of 120 nm/min. For each protein sample, three scans in the far-ultraviolet (UV) region from 190 nm to 260 nm were recorded in a 2 mm path-length cuvette (Starna Scientific Ltd, UK). The data were averaged and analyzed with the CDNN CDS deconvolution software (Applied PhotoPhysics). The CcXyn structure was modeled with the MODELLER of Discovery Studio 3.5 package (Accelrys Software Inc., USA). The XynAS9 crystal structure (PDB code 3WUF, 54.45% identity with CcXyn) was used as the template structure [25] .
Results

Construction and Expression of Wild-Type and Truncated Enzymes
The genome of C. cinerea Okayama 7 #130A contains 16 putative xylanase sequences in the GenBank database. A non-modular hydrolase family 10 xylanase (CcXyn), which shows the highest homology with XynII from V. volvacea, was selected in this study [26] . The deduced amino acid sequence alignment of CcXyn with other xylanase genes showed that it has a unique 5-amino-acid (PVRRK) extension at the C-terminus (Fig. 1) . Two amino acids (Glu-130 and Glu-235) were found as putative catalytic residues in CcXyn on the basis of the multiple sequence alignment. To verify the function of this extension, the last five amino acids (PVRRK) at the C-terminal were deleted to construct the truncated mutant CcXyn-Δ5C. Both the wild-type and truncation mutant enzymes were heterogeneously expressed in P. pastoris and purified by affinity Ni-NTA agarose gel. The purified enzymes migrated as two bands on SDS-PAGE at approximately 38 kDa and 40 kDa, respectively (Fig. 2) , which are slightly higher than their theoretical molecular masses. After deglycosylation by endo H, only one protein band with an estimated molecular mass of 35 kDa was observed, suggesting that the two enzymes had some degrees of glycosylation at the two putative N-glycosylation sites present in the protein (Fig. 2) .
Effects of Temperature and pH on Enzyme Activity and Stability
Both CcXyn and CcXyn-Δ5C had pH and temperature optima at 7.5 and 45°C, respectively (Figs. 3A and 3B). The CcXyn was stable at pH 6.0-9.0, retaining more than 80% of its initial activity after incubation for 1 h at room temperature (Fig. 3C ). CcXyn-Δ5C was more stable at alkaline pH, retaining more than 90% of its initial activity at pH 6.0-9.0. CcXyn retained 75% of its initial activity after incubation at 45°C for 1.5 h, but the activity rapidly decreased to 21.4% of its initial activity at 55°C (Fig. 3D) . Interestingly, the mutant CcXyn-Δ5C had much higher thermostability than the wild type, retaining 88.1% and 56.8% of its initial activity after incubation at 45°C and 55°C for 1.5 h, respectively.
Substrate Specificity and Kinetic Parameters
Both CcXyn and CcXyn-Δ5C exhibited the highest active on beechwood xylan. They also showed activities towards soluble oat spelt xylan, birchwood xylan, and insoluble oat spelt xylan to a lesser extent (Table 1) . Neither CcXyn nor CcXyn-Δ5C had any activity towards synthetic p-nitrophenyl glycosides of xylose, arabinofuranose, glucopyranose, CMC, locust bean gum, and chitin, suggesting it was a typical endo-xylanase. Kinetic parameters K ) was 2.4-times higher than that of CcXyn ( Table 2) .
Effects of Metal Ions, EDTA, and SDS on Enzyme Activity
The effects of metal ions and chemical reagents on CcXyn and CcXyn-Δ5C activities were determined at concentrations of 1 and 5 mM (Table 3) . Most metal ions, such as Ca at concentrations of 1 mM exhibited more inhibition on CcXyn-Δ5C (about 20%-32%). CcXyn-Δ5C also seemed to be more sensitive to EDTA than CcXyn was (Table 3) . However, most of the metal ions had a significant inhibition on both CcXyn and CcXyn-Δ5C activities at concentrations of 5 mM (Table 3) . CcXyn displayed relatively high SDS resistance, retaining over 35% of its activity at 300 mM SDS (Fig. 4) . Truncation of C-terminal extension significantly improved its SDS resistance. CcXyn-Δ5C retained over 70% of its activity at 300 mM SDS. Thus, CcXyn-Δ5C is a potential candidate for applications in harsh conditions such as laundry detergents and the textile industry.
Analysis of Hydrolysis Products
The hydrolysis products of XOS and beechwood xylan by CcXyn and CcXyn-Δ5C were analyzed by HPAEC-PAD. As shown in Fig. S1 in the supplemental material, only a small amount of xylotriose was degraded into xylose and xylobiose even after 24 h incubation, indicating that both CcXyn and CcXyn-Δ5C had weak activity to xylotriose.
However, xylotetraose was quickly hydrolyzed into a major amount of xylobiose, and a trace amount of xylotriose and xylose. Xylopentaose was also rapidly degraded into mainly xylobiose and xylotriose. The main accumulated products from beechwood xylan generated by both xylanases were xylobiose and xylotriose. Small quantities of xylose and xylotetraose were generated, although xylotetraose was not detected in the initial stages in the reaction mixture with CcXyn (Table 4 ). This result indicates that CcXyn and CcXyn-Δ5C possess endo-xylanase-type activity, and the C-terminal deletion has no obvious effect on the hydrolysis pattern. The control was carried out in the same condition without the presence of various metal ions and chemical regents.
Values are means ± SE. 
CDS and Structural Analysis of CcXyn and CcXyn-Δ5C
Overall, both enzymes exhibited similar CD spectral features typical of GH10 xylanases, with a maximum at 194 nm and a minimum at 220 nm (Fig. 5A ). This suggested that the C-terminal truncation did not disrupt the secondary structure of CcXyn (Fig. 5A) . The percentages of secondary structure elements in the proteins were calculated from the CD data. CcXyn-Δ5C contained less α-helices (42.9%) and more random coil contents (35.5%) than CcXyn (47.0% and 32.8%, respectively).
A three-dimensional structure of CcXyn was obtained by homology modeling using the XynAS9 crystal structure (PDB code 3WUF) as a template [25] . The overall modeled 3-D structure of CcXyn displayed a typical (β/α) 8 barrel fold of the family GH10 xylanases (Fig. 5B) . However, the 5-amino-acid C-terminus did not appear in the structural conformation of CcXyn because the xylanase template did not have the corresponding sequence [25] .
Discussion
The plant-saprophytic basidiomycete C. cinerea is a potent degrader of lignocellulosic biomass, and contains many genes encoding enzymes for cellulose, hemicellulose, pectin, or lignin degradation in its genome [19] . No xylanase from C. cinerea has been characterized. In this study, we comparatively examined the catalytic functions of wildtype and C-terminus truncated xylanases from C. cinerea. CcXyn is a GH10 xylanase containing a single catalytic domain essential for catalytic activity. Its amino acid sequence had 69% homology with a neutral xylanase (XynII) from V. volvacea [26] . As expected, it also had the same optimal pH at neutral condition, but its pI is relatively Fig. 5 . Circular dichroism spectra of C. cinereus xylanase (CcXyn) and its truncated mutant CcXynΔ5C (A) and structure of CcXyn (B).
The CcXyn model was constructed with the MODELLER module of Discovery Studio 3.5 using the XynAS9 crystal structure (PDB code 3WUF) as a template, with the β-sheet colored light blue, the α-helix shown with spiral ribbon and colored red, the irregular coil colored gray, and β-turn colored green. The two active site residues (Glu-130 and Glu-235) and four amino acid residues at the N-and C-terminus are displayed in stick form and colored according to elemental types, which are marked with black numbers on the basis of the mature amino acid sequence of CcXyn. Hydrolysis of beechwood xylan by CcXyn and CcXyn-Δ5C was carried out at 50°C for up to 24 h under the condition described in the text. After hydrolysis, the mixture was heated for 5 min in a boiling water bath to terminate the reaction, and centrifuged at 11,000 ×g for 10 min. The hydrolysis products were determined by high-performance anion-exchange chromatography as described in the text. X1, xylose; X2, xylobiose; X3, xylotriose, X4, xylotetraose.
n.d., not detected.
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lower (6.09) compared with XynII (7.67). Multiple sequence alignments with other GH10 xylanases revealed that CcXyn has a unique 5-amino-acid extension (PVRRK) at the C-terminus, where three of the five are basic amino acids (RRK). In addition, CcXyn also showed differences in SDS resistance and other properties, indicating it is a novel GH10 xylanase. Xylanases typically are modular enzymes comprising a catalytic domain and one or more non-catalytic carbohydratebinding modules (CBM) separated by a glycosylated peptide linker. The catalytic domain of GH10 xylanases has a typical (β/α) 8 -barrel fold and hydrolyzes glycosidic bonds with a net retention of anomeric configuration [27, 28] . However, it is well known that many xylanases are nonmodular proteins without CBMs. The terminal sequences significantly influence the function of non-modular enzymes with a (β/α) 8 -barrel fold in different ways [12] . The extra C-terminal proline-rich sequence significantly improved the specific activity and catalytic efficiency of GH10 XynA from sheep rumen [29] . The reason might be that this proline-rich sequence changed the secondary and tertiary structures, therefore improving the affinity and hydrolysis capacity of the enzyme to XOS. C-Terminal aromatic residues were thought to be responsible for its stability under extreme conditions of an extracellular GH10 endoxylanase (BSX) from an alkalophilic Bacillus sp. NG-27 by its aromatic interactions with the N-terminus [11] . However, it was also demonstrated that some of the terminal amino acid residues had a negative effect on enzyme properties and may be truncated to increase the xylanase thermostability and catalytic efficiency [30] .
More and more C-terminal extensions with different lengths were identified in many xylanases as well as other enzymes in recent years. However, to our best knowledge, the enzymes with basic amino acid-rich extension at the Cterminus were rarely reported. To determine the function of this unique C-terminal 5-amino-acid extension, both wild-type CcXyn and its C-terminus truncation CcXyn-Δ5C were overexpressed in P. pastoris. We failed to predict how this segment would affect the structure and interact in CcXyn because of no structural conformation of this five Cterminal amino acids in the model structure. CD analysis indicated that in general both enzymes had similar structures. As expected, both enzymes had the same optimal pH and temperature. Meanwhile, they also had similar substrate specificities on different xylans and similar hydrolysis product profiles on XOS and beechwood xylan. However, this basic amino acid-rich extension did have some influence in its function. The C-terminal truncation significantly increased the thermostability and SDS resistance of CcXyn. C-Terminal truncation improved CcXyn pH stability at pH of 6.0 to 9.0. C-Terminal truncation also greatly increased Ccxyn affinity with beechwood xylan, and therefore enhanced its catalytic efficiency. On the other hand, C-terminal truncation made the enzyme more sensitive to some metal ions. These results suggested that deletion of this unique C-terminal 5-amino-acid extension may have a slight effect on Ccxyn-Δ5C structure, although both of them have similar CD spectral profiles. Moreover, similar to Penicillium simplicissimum xylanase, the C-terminal extension might be in disordered form and acts as a lid, partially shielding the catalytic residues (Glu-130 and Glu-235) in CcXyn [31] . C-Terminal truncation led the active site of CcXyn-Δ5C to become more open. Both of the above changes probably contribute to the differences in thermostability and catalytic efficiency.
SDS is an anionic detergent and a strong denaturant of proteins when the concentration is above its critical micelle concentration (~7 mM in water) [32] . We previously reported a SDS-resistant xylanase (XynII) from V. volvacea. We proposed that the extreme high SDS resistance of XynII might partially be attributed to its N-and C-terminal extensions, because deletion of the N-and C-terminal extensions significantly reduced its SDS resistance although the XynII activity and thermostability were improved [18] . Unlike XynII, deletion of the C-terminal extension in CcXyn significantly enhanced its SDS tolerance. CcXyn contains three basic amino acid residues at the C-terminal extension, which may make this enzyme more liable to bind with SDS [33, 34] . On the other hand, CcXyn also lacks an N-terminal extension rich in Pro and Phe residues as XynII has. This may explain the different effect of C-terminal extension on SDS resistance between the two enzymes [18] . The elevated SDS resistance of CcXyn-Δ5C implied that the corresponding factors may reside in its core domain [32] . This result indicates that CcXyn-Δ5C might be a potential candidate for industrial applications in diverse fields, such as the laundry industry, and a good model for the structurefunction study of GH10 xylanases.
The major end products from beechwood xylan hydrolysate by both CcXyn and CcXyn-Δ5C were xylobiose and xylotriose. Its hydrolysis product profile was comparable to GH10 xylanases from Microbacterium trichothecenolyticum HY-17 and Paenibacillus sp. DG-22 [35, 36] , but obviously different from many GH10 xylanases, such as XynAS27 and XynBS27 from Streptomyces sp. S27, which usually released xylose and xylobiose as main products [30, 37] . The XOS have prebiotic effect, benefiting the growth of the probiotic organisms in the gastrointestinal tract. The main active ingredients of XOS were xylobiose and xylotriose, and the best bifidogenic factor was xylotriose [1, 38] . The XOS mixture generated by CcXyn and CcXyn-Δ5C contained a total of 91.49% and 92.23% (w/w) of xylobiose and xylotriose, respectively, indicating that CcXyn or CcXyn-Δ5C might be used for production of XOS.
In summary, we comparatively characterized wild-type and C-terminus-truncated xylanases from C. cinerea. Both enzymes had the same pH and temperature optima and similar substrate specificity on different xylans. They all hydrolyzed beechwood xylan primarily to xylobiose and xylotriose. Truncation of the C-terminal 5-amino-acid extension significantly improved its SDS resistance and thermostability. C-Terminal truncation also enhanced its catalytic efficiency and pH stability at the pH range of 6.0 to 9.0. These properties make CcXyn-Δ5C a promising candidate for the structure-function study of GH10 xylanases and for various applications, particularly in the detergent industry and XOS production.
